Routine study of three-dimensional (3D) tarsal kinematics is hampered by errors due to the displacement of skin surface-tracking markers relative to the underlying bones. Reliable kinematics can be obtained with bone-fixed markers, but an accurate, non-invasive method would have more applications. Simultaneous kinematic data from skin-based and bone-fixed markers attached to the tibia and third metatarsus were collected from three trotting subjects. The motion of the skin-based markers was extracted relative to the underlying bone motion tracked using the bone-fixed markers. The 3D skin displacement patterns for the skin-based markers were parameterized using a truncated Fourier series model. These displacements were expressed in terms of the local coordinate system for each bone. Skin displacement artefacts were observed in all three axes of each bone segment, with the largest displacements occurring at the proximal tibia. The mean skin displacement amplitudes in the tibia were 6.7%, 3.2% and 10.5% of segment length, and for the third metatarsus were 2.6%, 1.4% and 3.8% of segment length, for the craniocaudal, mediolateral and longitudinal segment axes, respectively. Skin displacement patterns could be expressed concisely using the Fourier series model. Displacements were also consistent between subjects, which should allow them to be used as a basis for developing a correction procedure for 3D tarsal joint kinematics.
Introduction
The tarsal joint is one of the primary sites of lameness in the equine hind limb 1 -3 and its basic kinematic parameters have been correlated with performance in sport horses 4 . Several studies have reported planar, two-dimensional (2D), equine tarsal joint motion 5 -8 , but only a few studies have examined three-dimensional (3D) equine tarsal kinematics either in vitro 9 or in vivo 10 . When skin surface markers are used to track segmental motion, 3D kinematics calculated from these markers is especially sensitive to skin motion artefacts. Relative displacements between skin and bone at some sites over the equine tibia have a range of motion of over 80 mm during a stride at the trot 11 . Marker cluster design and placement can reduce some errors 12 , but actual underlying bone motion is still difficult to reproduce 13 . This is true even when utilizing a redundant marker set and a least-squares estimator of the transformation data 14 . Kinematic data collected using bone-fixed markers have been used to describe the true in vivo kinematics of joints in human subjects 13, 15, 16 and in horses 10, 11 . The use of bone-fixed markers is invasive and it is desirable to develop procedures that avoid the need for surgical intervention but still produce an acceptable degree of accuracy.
Algorithms to correct for skin displacement artefacts have been successfully developed for 2D kinematics in horses 11, 17 , and this procedure has been shown to improve joint angular data over non-corrected kinematics. The feasibility of using 3D correction algorithms has not been investigated in equine subjects. The first step in developing a correction procedure for skin displacement artefacts is to characterize the 3D motion of the skin relative to the bone. In this study, simultaneous kinematic data collected from the skin surface and bone-fixed markers from the tibia and third metatarsus of equine subjects were used to parameterize the general motion of skin marker sites relative to the underlying bone. These parameters will be used in developing a model of the skin motion and a correction procedure.
Methods

Subjects
The subjects were three sound Quarter Horses of similar mass (mean^standard deviation (SD) 353^27 kg) and size (mean^SD height at withers 1.44^0.03 m). The horses were judged to be free of obvious lameness during a clinical examination prior to the study. The protocol used for this investigation was approved by the university's ethical use committee.
Bone-based markers A detailed explanation of the bone-fixed procedure has been presented elsewhere 10 . In summary, 4.75 mm diameter Steinmann pins were inserted percutaneously under general anaesthesia into the tibia and third metatarsus of the right hind limb of each of the subjects. The tibial pin was placed mid-laterally, at the level of the calcaneal tuberosity and the metatarsal pin was placed mid-laterally in the bone, midway along its length. A small incision was made in the skin at the site of each pin, which minimized the effect of the pin on the local skin displacement. A marker triad with 25 mm diameter, reflective spherical markers was rigidly attached to each pin during the data collection session. Analgesics were administered systemically and locally, and all subjects appeared pain-free and moved normally during data collection.
Skin-based markers A set of six, 25 mm diameter, spherical reflective markers was attached at predetermined locations on the surface of the skin over the right tibia and the right metatarsus of each subject (Fig. 1) . This was in addition to the bone-fixed marker triads. The distance between markers TIB-A and TIB-B served as the reference length for the tibia and the distance between markers MET-A and MET-B served as the reference length for the third metatarsus. The skin-based markers were distributed over the lateral aspect of each segment, since most studies track kinematic data from the lateral side. Skin marker locations were a sufficient distance from the pin insertion sites so as to avoid any local skin displacement effects around the pins. The tibial markers were concentrated proximally in order to minimize visual merging with the bone pin marker triads.
Bone coordinate systems
To define local bone-based coordinate systems (BCSs), all subjects were placed in a normal standing position and an additional reflective marker was placed over the medial malleolus of the tibia (TIB-C) and the dorsal edge of the head of second metatarsal bone (MET-C). These markers were removed before collecting data at the trot.
A right-handed coordinate system was developed for the tibia by first defining the flexion/extension axis as the unit vector running from TIB-B to TIB-C. The adduction/abduction axis of the tibia was defined as a unit vector pointing cranially and perpendicular to the plane formed by the flexion/extension axis and the vector running from TIB-B to TIB-A. Finally, the internal/external rotation axis of the tibia was defined as a unit vector pointing proximally along the long axis of the bone and perpendicular to the plane formed by the flexion/extension and adduction/abduction axes. The origin of the tibial BCS was embedded in the bone midway between TIB-B and TIB-C.
The third metatarsal BCS was defined in a similar manner to the tibial system, with the flexion/extension axis defined as a unit vector running from MET-B to MET-C. The adduction/abduction axis was defined as a unit vector pointing cranially and perpendicular to the plane formed by the flexion/extension axis and the vector running from MET-B to MET-A. The internal/external rotation axis was defined as pointing proximally and perpendicular to the other two axes, forming a right-handed coordinate system. The origin of the third metatarsal BCS was embedded in the bone midway between MET-B and MET-C.
Data collection
All subjects were led in hand at the trot along a 40 m, rubber-covered concrete runway. Three-dimensional kinematic data were collected using a six-camera analysis system (ExpertVision RealTime; Motion Analysis Corporation, Santa Rosa, CA) recording at 120 frames s 21 . A volume measuring 5 m by 2 m by 3 m was calibrated and the mean error in measuring a known length within the volume was 0.88 mm 10 . Each successful trial consisted of a single stride of the right hind limb, starting with stance. Data collected from a force platform (LG6-4-8000; AMTI, Watertown, MA) embedded in the runway were used to detect the onset and termination of the right hind stance. Termination of a right hind stride was determined by an automatic algorithm that matched terminal swing-phase kinematics to the kinematic pattern at the beginning of the previous stance phase. The kinematic data from the trot trials were optimally filtered using a Generalized Cross Validation (GCV) spline routine 18 . The bone-fixed triads and the skin-based markers were tracked simultaneously for each trial. Four strides from each horse were selected. Trials were selected to closely match forward velocities between subjects.
Reference kinematics
The 3D kinematics of the tibia and third metatarsus, as calculated by the motion of the bone-fixed triads, was defined as the 'true' reference kinematics of the bones. The orientation matrices and displacement vectors for the reference kinematics were calculated by relating the locations of the triads in their corresponding BCS with their global locations during each frame-ofmotion datum using a singular-value decomposition method 19 .
Quantification of skin displacement
The 3D movements of the skin-based markers in the global coordinate system were collected for the motion data. The data from each frame were transformed using the orientation matrices and displacement vectors calculated from the bone-fixed triads and expressed in terms of their corresponding BCS. The skin-based data from each subject were normalized to a percentage of the segment reference length calculated from the standing pose.
The data from the skin-based markers were parameterized by representing the data from each coordinate of each marker as a truncated Fourier series 11, 20 given by
where C(t) is an x-, y-or z-coordinate of a skin-based marker, t is expressed as a percentage of cycle time, p 0 is the constant offset, p k and q k are Fourier series parameters and n is the number of harmonics used to describe the data. To determine n for each coordinate, the pooled data from all 12 trials were fit to equation (1) using a standard linear least-squares method, with n ranging from 1 to 30. A GCV criterion method 21 was used to find the statistically optimal n for each coordinate of each marker and the Fourier parameters p o , p k , and q k were then calculated. Model parameters were also calculated for each subject, using the optimum number of harmonics derived from the fit to the complete pool of trials 11 . To minimize the effects of any marker placement variation between subjects, the standing pose value of the coordinate (expressed as a percentage of segment length) was subtracted from the skin displacement prior to fitting the data to the Fourier series. The p 0 value in the model then became a mean offset from the standing pose. The standing pose value for the subject was added to the results from the Fourier model to obtain a final value.
As an estimate of the goodness-of-fit for the pooled data Fourier parameters, the root-mean-square (RMS) fit error between the model and the actual data was calculated for each coordinate of each marker. The RMS and peak-to-peak amplitudes of the skin displacement for each coordinate of each marker were calculated from the fitted Fourier parameters.
The accuracy of the kinematic data collection system in the configuration used for this study was characterized as an error of the order of 0.88 mm when measuring a known length 10 . It was decided that any coordinate model having peak-to-peak amplitude that was smaller than two times this error level would be considered too small to detect and not used. Similarly, any p 0 values that were less than this threshold were also set to zero.
For comparison, skin displacements for the x-axis and z-axis of TIB-A, TIB-B, MET-B and MET-A were calculated based on published 2D models 11, 17 using mean kinematics from the 12 trials of the current study. The axes from van Weeren et al. 11 were transformed to correspond with the conventions used in this investigation.
Results
Descriptive data from the subjects and the kinematic trials are given in Table 1 .
The reconstructions of the skin displacements from the Fourier model are shown in Figs 2 and 3. The skin displacements based on the pooled data and on the data for each of the three subjects are given on the same graph to enable any variation between horses to be visualized. The data from the model are plotted without adding the standing pose value so that they can be compared at similar scales. The values for the Fourier model parameters from the pooled data for Tables 2 and 3 , and the parameters for the metatarsal markers are given in Tables 4 and 5 . The data are presented as a percentage of segment reference length. The mean values for the standing pose locations of the markers are given in Table 6 .
The skin displacement patterns for the x-axis and z-axis of the tibial markers showed similar trends, with higher amplitudes at the proximal locations. The y-axis of the tibial markers showed little movement except for TIB-1 and TIB-2, which were located furthest from the reference line of the segment. They-coordinate artefact of the TIB-B position showed peak-to-peak and p 0 values below the detectable threshold and therefore no correction was applied to that coordinate. On the third metatarsus, the displacement patterns for the x-axis and z-axis of the markers had similar amplitudes and trends during the swing phase, but during the stance phase the displacement at the proximal end of the segment was in the opposite direction to that of the distal end. The y-axis displacements of the third metatarsal segment markers had small amplitudes and higher variability between sites and subjects, with the MET-3 y-axis artefact having a peak-to-peak amplitude below detectable levels. Overall, the tibial markers underwent much larger displacements than those on the third metatarsus.
The optimal number of harmonics, the p 0 value, the RMS fit error of the pooled model to the actual skin displacement, and the RMS and peak-to-peak amplitudes of the skin displacement models are summarized in Table 7 . The RMS amplitude of the skin displacement for the tibial markers ranged from 0.1 to 7.0% of the segment length, with the average being 2.9% of segment length. This corresponds to an approximate displacement of 10 mm. The largest peak-topeak amplitude of skin displacement in the tibial markers was for the z-axis of marker TIB-A, which showed a range of motion of 16.4% of segment length or approximately 57 mm. The tibial p 0 values averaged about 2% of segment length (approximately 7 mm), with the TIB-1 and TIB-4 z-coordinate p 0 values being below detectable levels. For the third metatarsal segment, the RMS skin displacement amplitudes ranged from 0.3 to 2.6% with an average value of 1.6%, corresponding to an approximate value of 4 mm. The largest peak-to-peak amplitude of skin displacement in the third metatarsal markers was 5.7% of the segment length (approximately 14 mm), seen in the z-axis of marker MET-4. The p 0 values for the third metatarsus were relatively low (mean , 0.5%) with many below the detectable threshold (Tables 4 and 5 ). The average number of harmonics required to model the skin displacements was between 3 and 4 for the tibia and between 5 and 6 for the third metatarsus. The pooled trial Fourier model showed a good fit to the actual skin data, with most values for the RMS fit error being well below the peak-to-peak amplitude of the displacement itself (Table 7) . The largest RMS fit error for the tibial markers was the x-axis of TIB-A at 2.1% of segment length. For the metatarsus, the largest RMS fit error was 2.1% of segment length on the y-axis of MET-1.
The skin displacements for the x-axis and z-axis of TIB-A, TIB-B, MET-B and MET-A calculated from 2D models given by van Weeren et al. 11 were plotted against the current data (Fig. 4) . In general, the 2D study tended to estimate a larger range of skin displacement than the current study.
Discussion
The periodic nature of the skin displacement lends itself to being modelled with a truncated Fourier series. The general displacement patterns were reproducible within and between subjects and this was reflected in the low fit errors. It has been shown that 2D skin displacement in the equine proximal limb is not highly correlated with adjacent joint flexion angles 11 . Visual inspection of the data from the current study shows that, with the exception of some of the z-coordinate data, the 3D displacement patterns are also not strongly correlated with published tarsal flexion angles. It may be that a complex relationship between the three angular 
degrees of freedom and the skin displacement patterns does exist and might be modelled, but it can be argued that the Fourier series model presented here is a sufficient and practical approach. The only previous equine skin displacement investigation 11 developed regression equations for four of the sites looked at in this study. Despite differences between that study and the current one in terms of the nature of the data (i.e. 2D vs. 3D) and differences in subject breeds and sizes, the data are quite comparable. Although van Weeren et al.
11 gave models for the x-axis displacements of both ends of the third metatarsus, their original data were within the systematic error range of their study and they deemed the models not useful for correction. This may explain the differences in those axes compared with the results presented here. The other difference between the two studies is an offset seen in the x-axis displacement data of the proximal tibia. Van Weeren et al.
11
assumed that the skin oscillates around the original marker position and therefore the p 0 value of their Fourier model was set to zero before fitting the data. Table 7 Descriptive statistics from the modelled skin displacements for the x-, y-and z-coordinate for each skin surface marker. The order indicates the optimal number of harmonics in the Fourier model and the p 0 value is the mean offset from the standing pose location. RMS error is the difference between the actual displacement and the model. RMS amp and Peak amp are the RMS and peak-to-peak amplitudes of the skin displacement calculated using the model. The current study found that this assumption is probably valid for the third metatarsus and distal tibia, but is not true for the proximal tibia.
Significant y-axis (mediolateral) skin displacement artefacts were recorded in this study, which points to the fact that the 3D nature of the artefacts must be taken into account. To highlight this, 3D tarsal joint angle kinematics for a representative stride of a single subject is shown in Fig. 5 . The kinematic data were calculated using a procedure described previously 10 . Data obtained from bone-fixed markers are compared with data from the skin-based markers. The flexion angle data are remarkably similar for the two marker sets, showing that little correction may be needed for that degree of freedom if 3D marker sets are utilized. However, kinematics obtained from the skin-based markers shows a large underestimation of the abduction angle and a completely improbable overestimation of the internal rotation angle.
It is clear that if skin-based markers are to be used to obtain 3D kinematics of the tarsal joint, some type of correction must be applied to account for displacement artefacts. A general correction procedure could be developed if the displacement patterns are consistent between subjects. Correction algorithms for human kinematics have been shown to be problematic due to inter-subject variation 14 . The data obtained in the current study are more promising as there appear to be repeatable patterns across subjects for most of the marker coordinates.
This study has quantified the 3D skin displacement patterns for redundant kinematic marker sets on the tibia and third metatarsus at the trot. The displacement patterns were successfully modelled as truncated Fourier series, expressed in local bone coordinates and scaled to segment length. The data from this investigation will be used to develop a correction procedure to reduce the effect of skin motion artefacts on the 3D kinematics of the tibia, third metatarsus and the tarsal joint itself.
FIG. 5
Comparison of tarsal joint kinematics derived from bonefixed and uncorrected skin-based markers. u x , u y and u z are the attitude vector angles corresponding to the adduction(þ)/-abduction(2), flexion(2)/extension(þ ) and internal(þ)/-external(2) rotation angles, respectively 10 . The solid lines are data from the bone-fixed markers while the open circles represent data from the skin-based markers. Data are from a single trial of one subject
